Abstract Iron is an essential mineral in many proteins and enzymes in human physiology, with limited means of iron elimination to maintain iron balance. Iron accrual incurs various pathological mechanisms linked to cardiovascular disease. In atherosclerosis, iron catalyzes the creation of reactive oxygen free radicals that contribute to lipid modification, which is essential to atheroma formation. Inflammation further fuels iron-related pathologic processes associated with plaque progression. Given iron's role in atherosclerosis development, in vivo detection techniques sensitive iron are needed for translational studies targeting iron for earlier diagnosis and treatment. Magnetic resonance imaging is uniquely able to quantify iron in human tissues noninvasively and without ionizing radiation, offering appealing for longitudinal and interventional studies. Particularly intriguing is iron's complementary biology vs. calcium, which is readily detectable by computed tomography. This review summarizes the role of iron in atherosclerosis with considerable implications for novel diagnostic and therapeutic approaches.
Atherosclerosis is a proliferative, inflammatory disease affecting the arteries. Plaque disruption and subsequent thrombosis from the exposure of plaque contents to circulating blood is the underlying cause of acute coronary syndromes and ischemic strokes. Current preventive strategies focus on management of traditional risk factors such as dyslipidemia, diabetes, hypertension, and smoking, and current treatment strategies of more advanced disease employ mechanical relief of stenosis in conjunction with lipid-lowering, anti-platelet, and antiischemic medications. Yet, despite significant reduction of morbidity and mortality afforded by these strategies, atherosclerosis persists as a leading cause of death worldwide [1] .
Atherosclerosis may develop insidiously prior to causing clinically apparent events like heart attack and stroke; reducing such events requires better mechanistic understanding of disease onset and progression, and improved identification and treatment of subclinical disease. The ability to detect subclinical arterial wall disease holds promise for more timely diagnosis, more effective therapies, and better outcomes, particularly if based on a proven contributor to atherosclerosis that also can be measured in vivo. This review focuses on iron as both a biomarker and biomechanistic contributor to the pathogenesis of atherosclerosis. There is now considerable evidence supporting iron's role in both atherosclerosis initiation and progression ( Fig. 1) , plus recent clinical trial evidence that targeting iron excess in atherosclerosis may be beneficial. This review summarizes (i) evidence supporting iron's role in atherosclerosis from in vitro, animal model and clinical studies (Tables 1 and 2 ); (ii) implications for earlier and more predictive diagnosis; and (iii) opportunities for future translational research to improve atherosclerosis death and disability by targeting this relatively underappreciated contributor to the disease.
Iron Homeostasis and Its Regulation

Iron Balance
Gut absorption is the only source of input to iron balance. Both men and women shed 14 μg/kg/day of iron through epithelial sloughing [19] . In addition, premenopausal women lose the daily equivalent of 0.9 mg of iron through menses [20] . Women's levels of ferritin rise dramatically in the fifth and sixth decades of life, typically when menopause occurs, whereas men experience their greatest increase in ferritin levels during the late teenage years [21] . Iron excess may occur via augmented dietary or supplemental intake [22] , genetic disorders such as certain forms of hemochromatosis that lead to excess intestinal iron absorption [23] , or transfusion-induced iron overload [24] . Iron deficiency most commonly occurs through blood loss but may also ensue from inadequate dietary intake, dietary inhibitors [25] , states of increased dietary iron requirement such as pregnancy [26] , or conditions such as celiac disease with abnormal gastrointestinal tract mucosa leading to iron malabsorption [27] .
Transport, Storage, and Regulation
Free iron ions are toxic due to their redox activity. Therefore, the vast majority of iron in the body exists in bound form. Approximately 2,500 mg of iron is in erythrocyte hemoglobin, 1,000 mg is bound within ferritin in specific storage tissues (e.g., liver, spleen), 170 mg is in skeletal muscle myoglobin, and 3 mg circulates in the transport protein transferrin [28] .
Hepcidin is primarily produced by the liver and is the key iron-regulating hormone [29] [30] [31] [32] [33] . Hepcidin acts by binding and downregulating ferroportin [2] , the essential transmembrane protein for cellular iron export. On the surface of macrophages, ferroportin allows egress of iron. On the basolateral membrane of absorptive intestinal enterocytes, ferroportin facilitates absorption of dietary iron [34] [35] [36] . Thus, hepcidin promotes (i) increased iron sequestration in macrophages and hepatocytes and (ii) decreased intestinal iron absorption by enterocytes. Patient with hemochromatosis, notably due to mutations in TFR2, have extremely low hepcidin levels causing little to no iron availability in macrophages [37] . Lack of macrophage iron to promote atheroma formation could then explain their relative protection from atherosclerosis despite their iron overload status.
Hepcidin is inhibited by anemia and hypoxia, freeing iron for erythropoiesis [38] . During iron loading and inflammation, hepcidin is stimulated by an iron feedback mechanism [3, 38, 39] . A similar state is seen in anemia of chronic disease, where patients have a relative deficiency of iron because it is trapped in macrophages. Levels of circulating cytokines including interleukin-6 (IL-6), which stimulates hepcidin expression, are markedly elevated in this chronic inflammatory state [40] [41] [42] . Elevated hepcidin has also been associated with presence and number of metabolic syndrome features [43] and arterial stiffness by ankle-brachial pulse wave velocity [44] . In chronic hemodialysis patients, associations were found between hepcidin-25 levels and increased high Fig. 1 This schematic depicts various pathways that indicate iron's role in atherosclerosis initiation and progression sensitivity C-reactive protein, decreased glomerular filtration rate, and presence of diabetes mellitus [45] . Galesloot et al. demonstrated after multivariable regression an association between increased quartiles of hepcidin and abnormal carotid intima media thickness (C-IMT) or ankle-brachial index (ABI) in post-menopausal females; the association with ABI was also significant in men [46] .
Inflammation and Iron
Macrophages
Immunologically active macrophages are central to the understanding, diagnosis, and treatment of atherosclerosis [47] . Lipid-overloaded macrophages known as foam cells are key constituents of the developing atheroma [47] . Under physiological conditions, ATP binding cassette transporter subfamily 1 (ABCA1), also known as the cholesterol efflux regulatory protein, mediates the efficient efflux of scavenged cholesterol from macrophages to lipid-poor apolipoprotein A-I (apoA-I). Further efflux of cholesterol and lipidation of nascent apoA-I is mediated by ABCG1 and ABCG4 [48] . The resulting high density lipoprotein (HDL) is transported back to the liver via plasma, completing the multistep process of reverse cholesterol transport (RCT) [49] . The upregulation of ABCA1 and ABCG1 by the administration of a bone morphogenetic protein inhibitor has been shown to decrease the formation of foam cells in atherosclerotic plaque in mice, while concurrent administration of exogenous hepcidin reverses this effect [7] . A particularly intriguing study by Koeth et al. showed that increased red meat intake raised plasma L-carnitine levels that, in turn, correlated with increased atherosclerosis events beyond traditional risk predictors [18] . These data support the role of impaired RCT and iron homeostasis in mediating the effects of transporters leading to the abundance of foam cells in atherosclerotic plaque.
Iron-Induced Oxidative Damage
Electron transfer between iron ions is essential in the transportation, use, and storage of iron. Redox-active iron catalyzes the generation of free radicals capable of oxidation of other molecules and proteins such as low- As ferroportin is expressed on the surface of macrophages, this work supports hepcidin's role in intra-macrophage iron accrual Chang et al. [4] Hep G2 cells (produce hepcidin) Hepcidin mRNA expression was reduced by simvastatin
This dose-dependent effect supports an iron regulatory pathway-mediated pleotropic effect of statin Ludwiczek et al. [5] Human monocyte lines (THP-1 and U937)
Ferroportin mRNA expression downregulated by interferon-gamma and lipopolysaccharide
Supports mechanistic links between inflammation and human monocyte iron uptake Satchell and Leake [6] Isolated human LDL Iron at pH 4.5 and 37°C (as in lysosomes) oxidized LDL Lysosomal iron is a candidate for catalyzing LDL oxidation, a key step in atheroma formation; most labile iron in cells resides in lysosomes Saeed et al. [7] Apolipoprotein E knockout mice Suppression of hepcidin increased cholesterol efflux from macrophages, decreased foam cell formation and decreased plaque area
Showing the potential benefits of pharmacological manipulation of iron homeostasis in an atheroma-prone animal supports this as an anti-atherosclerosis therapeutic approach Rajendran et al. [8] Cholesterol-fed New Zealand White (NZW) rabbits
Inverse correlation of spatial distribution of iron vs. calcium in atherosclerotic lesions
Intraplaque iron and atheroma are associated; speculations are drawn regarding iron accelerating vs. calcium attenuating plaque instability Minqin et al. [9] Cholesterol-fed NZW rabbits Reduced atheroma lesion size vs. controls
Preclinical data supporting potential efficacy of chelator in early atheroma development Nagy et al. [10] Human atheroma, red blood cells and endothelial cells
Heme iron promotes and inhibition of heme release suppresses lipid oxidation, endothelial cytotoxicity
In vitro experiments supporting role of iron in human atheroma lipid oxidation and potential to attenuate atherogenesis by targeting heme iron Moreno et al. [11] Human atheroma, haptoglobin (Hp) genotype Hp 2-2 genotype predicted greater intraplaque iron in diabetics Genetic factors associated with impaired iron clearance may help explain greater atherosclerosis burden in diabetes density lipoprotein (LDL) [10] . This iron-catalyzed free radical production is summarized in the Haber-Weiss reaction and Fenton chemistry.
One of the main mechanisms involved in iron-induced oxidative stress is free radical formation. The redox-active ferrous form of iron (Fe 2+ ) is primarily responsible for generating highly reactive hydroxyl radicals that, in turn, contribute to the formation of insoluble fibrin clot from modifications of soluble fibrinogen [50] . Scavenger receptors on the surface of macrophages, most notably SR-A and CD36, bind and internalize oxidized LDL (oxLDL). Endocytosed oxLDL upregulates CD36 expression by activation of PPARγ transcription factor, not only increasing macrophage sensitivity to oxLDL scavenging [51] but also enhancing transcription of ABCA1 for increased cholesterol efflux [52, 53] . However, oxLDL accumulated in this manner tends to become trapped in macrophages forming foam cells, consistent with a failure in the efflux mechanism. Iron-induced oxidation of LDL was recently shown to occur in the low pH environment of intra-macrophage lysosomes [6] . In showing that α-tocopherol enrichment of LDL initially increased the rate of LDL oxidation, this work also offers a mechanistic explanation for the failure of vitamin E to reduce atherosclerotic events in clinical trials.
Given the heightened atherosclerosis risk born by patients with diabetes mellitus, it is worth noting that (i) increased dietary iron intake increases diabetes risk [54] and (ii) haptoglobin gene variants that impair iron clearance are associated with greater intraplaque iron in diabetic patients [11] . Thus, consideration of means to reduce atherosclerotic burden by targeting iron may be particularly important for these high-risk patients.
Magnetic Resonance Imaging of Iron and Atherosclerosis
Detection of subclinical atherosclerosis typically involves imaging, noting that modalities such as stress testing are only abnormal in the face of advanced plaque producing stenosis of the arterial lumen. Catheterization-based imaging techniques like intravascular ultrasound, optical coherence tomography, and other invasive approaches can certainly identify and characterize plaque. However, the costs and risks inherent to such tests limit their appeal for asymptomatic individuals seeking [16] (NCT00044213)
Multicenter randomized trial of chelation therapy post-myocardial infarction (MI), N=1,708
Chelation therapy produced a modest reduction in cardiovascular events, mainly coronary revascularization
The study was underpowered to achieve significance of the secondary end point of cardiovascular death, MI, or stroke Galesloot et al. [17] Population-based cross-sectional study; N=766 These data coupled with evidence that iron promotes LDL oxidation make a compelling case for reducing red meat intake to reduce atherosclerosis identification of subclinical disease to guide treatment strategies. Noninvasive arterial ultrasonography holds some appeal in detecting arterial wall thickening [55] and vasa vasorum proliferation [56] . Limited spatial imaging depth, however, limits the extent to which this modality may characterize atherosclerosis-prone vessel walls beyond the readily accessible carotid arteries. Magnetic resonance imaging (MRI) is an established, highresolution tool for in vivo imaging of the carotid arteries and atherosclerotic plaque using multi-contrast signal-based techniques such as T1-weighted (T1w), T2-weighted (T2w), proton density, and time-of-flight imaging [57] [58] [59] [60] [61] [62] [63] . Several studies have demonstrated the ability to differentiate calcification [57, 58, 64, 65] , the fibrous cap [59, 60, [64] [65] [66] , and lipid-rich necrotic core (LRNC) [57, 58, 61, [65] [66] [67] [68] on T1w images, and even the presence of intraplaque hemorrhage (IPH) [57-59, 62-65, 69-73] by multispectral analysis of T1w and time-offlight (TOF) images. These methods have also been successfully applied to other major arteries such as the aorta [74] and femoral arteries [75] . Beyond its enhanced ability to characterize soft tissues when compared to other imaging modalities, MRI is uniquely suited to measure iron in tissues [76] [77] [78] . The impact of MRI-based tissue iron quantification cannot be overstated: MRI-based measurement of myocardial iron content has led to a 71 % reduction in mortality in patients at risk of cardiac iron overload [79] . The potential for similar impact in patients at risk of atherosclerosis via arterial iron quantification behooves consideration of the paramagnetic properties of iron that make MRI-based iron detection possible.
Paramagnetic Iron
In a magnetic field, radiofrequency energy applied at the appropriate resonant frequency causes suitable nuclei in tissues to move from their equilibrium positions; subsequent removal of such energy allows the nuclei to return to their original positions at characteristic relaxation rates. Magnetic field inhomogeneities affect the observed relaxation rates. Such inhomogeneities are defined as imperfections in the main magnetic field, chemical shifts, gradient encodings, and susceptibility differences between tissues. So the observed transverse relaxation time or T2* (T two star) is a combination of the intrinsic relaxation of the given tissue, T2, and the added dephasing effects of the inhomogeneity or T2′. This relationship is described 1/T2*=1/T2+1/T2′ or 1/T2*=1/T2+γΔB inhomogeneity , where γ is the gyromagnetic ratio and ΔB inhomogeneity is the magnetic field inhomogeneity present in the observed voxel [80] .
Of particular interest to the study of tissue iron content using MRI are the inhomogeneities caused by the positive magnetic susceptibility of iron. Dependent on its quantity and configuration, iron is considered paramagnetic, superparamagnetic, or even ferromagnetic. At normal body temperatures, ferritin is paramagnetic with a susceptibility of 1.6×10 −6 m 3 /kg Fe [81] . This means that when magnetized such as during an MRI, iron deposits will form their own local magnetic field, thus contributing to the observed changes in the overall B field, ΔB inhomogeneity . Compare this to most tissues in the body made up mostly of water with a negative susceptibility or even other trace metals such as calcium which are slightly positive and affect a negligible susceptibility difference [82] . The result is that at longer echo times, images generated by a gradient echo MRI technique will have more rapidly decaying signal anywhere iron is clustered. The resulting hypointense areas can be appreciated qualitatively, or T2* at a specific tissue location (e.g., myocardium, liver, arterial wall) may be estimated by fitting the signal decay over multiple echoes at that location [77, 83] .
Endogenous Iron Imaging T2* quantification captures local magnetic field inhomogeneity that, in biologic tissues, is most significantly affected by iron. This has primarily been used to date for accurate estimate of tissue iron content in the liver and myocardium [76] [77] [78] with Kirk et al. showing an interstudy reproducibility (expressed as the coefficient of variation) of 5.8 and 5.9 %, respectively [84] . Although, our group and others [85] have documented the presence of iron in atherosclerotic plaques (Fig. 2) . In carotid atherosclerosis disease, our group has refined this technique to show that intraplaque T2* quantification reflects micro-hemorrhage and iron deposition, with more abnormal T2* found in patients with symptomproducing plaques [86] (Fig. 3) . We are unaware if these techniques have been applied to peripheral artery disease (PAD) or aortic atherosclerotic plaques, but it would be reasonable to expect similar results in relatively superficial vessels with PAD like the superficial femoral artery or in large enough plaques of the aorta.
Exogenous Iron Imaging
Arterial wall T2* quantification has also been used to quantify macrophage uptake of ultra-small paramagnetic iron oxide (USPIO) contrast media to measure inflammatory burden in atherosclerotic disease [87] and response to statin therapy [88] . This contrast takes advantage of the iron sequestration of macrophages, which is enhanced during inflammation by the upregulation of divalent metal transporter-1 (DMT-1) expression by interferon-γ [5, 41, 89] .
Iron Vs. Calcium in Atherosclerosis
Given that calcification is a prevalent component of atherosclerotic plaque plus the ease and high resolution of computed tomography (CT) for in vivo imaging of arterial calcification, calcium imaging has garnered widespread acceptance as a means for noninvasive atherosclerosis detection [90] [91] [92] . CT performs well in quantifying calcium even in the coronary arteries, and the coronary calcium score has consistently performed well in longitudinal studies of cardiovascular event risk [93, 94] . However, individual plaques have been shown to be more likely to cause events if they are noncalcified vs. calcified [95] . Rajendran et al. in a rabbit model of atherosclerosis offer some insight as to why iron vs. calcium may help explain this apparent paradox [8] . With meticulous mapping of plaque sections using various ion beam techniques, they found an inverse relationship in the distributions of iron and calcium. When interpreted in the context of observational studies in patients, these intriguing data suggest that calcium may defend against plaque destabilization by excluding intralesion iron that is more likely to contribute to event-producing plaque disruption.
Further translational studies are needed to prove that iron, not calcium, is responsible for plaque destabilization in humans, and MRI is an appealing technique to generate the necessary evidence. Calcifications within atherosclerotic plaque appear as hypointense areas on T2-weighted imaging. Other MRI methods of differentiation calcium from iron include ultrashort echo time gradient echo imaging [96] and susceptibility weighted imaging that has already been used to differentiate iron and calcium within the brain [97] . The noninvasive nature of MRI, lack of exposure of human subjects to ionizing radiation, and the intrinsic signal of iron that allows MRI-based detection without exogenous contrast administration make MRI an appealing translational approach to further elucidate iron's role in human atherogenesis and plaque progression.
Current Guidelines
The ultimate clinical impact of MRI-based plaque iron quantification requires demonstration of incremental value over current atherosclerosis management. In this section, we focus on the carotid atherosclerosis to illustrate current guidelines for diagnosis and management.
Diagnosis
Carotid auscultation affords bedside detection of carotid artery atherosclerosis that produces turbulent flow, which may be minimal in the absence of significant stenosis or in the setting of critical stenosis. Ultrasonography (US) has sufficient Fig. 3 Magnetic resonance imaging (MRI) can, without the need for exogenous contrast agent, quantify tissue iron content using a technique called T2* mapping. This is based on the exponential signal intensity decay over subsequently longer echo times (TE) that occurs more rapidly in tissues with increased iron. Shown are MRI images acquired in an orthogonal plane through an atherosclerotic internal carotid artery (ICA) at serial TEs from which intraplaque T2* can be calculated. ECA = external carotid artery, VA = vertebral artery, J = jugular vein. Reproduced with permission from JACC: Cardiovascular Imaging sensitivity to measure the combined thickness of the intima and media of the arterial wall, and C-IMT has gained some acceptance as a suitable biomarker of subclinical disease in asymptomatic adults at intermediate risk of atherosclerosis [98] . Despite known limitations in measurement accuracy and reliability [99, 100] , clinical trials have relied on C-IMT as an outcome measure [101] .
There is greater consensus regarding the use of carotid US in patients with known or suspected carotid stenosis [102] , which is advocated for asymptomatic patients with significant risk factors, symptomatic atherosclerotic disease in other arterial segments, or other to evaluate a bruit detected by auscultation. US may indicate significant stenosis by either direct visualization of a narrowed lumen or by demonstration of flow acceleration through a stenotic site [103] . Noninvasive angiographic techniques including magnetic resonance (MRA), computed tomography (CTA), and invasive catheter angiography are available when (i) US findings are equivocal or nondiagnostic or (ii) intervention for carotid stenosis is being planned.
Treatment
Just as diagnostic techniques focus on detecting presence and severity of carotid artery stenosis, treatment algorithms focus on percent luminal stenosis in addition to the usual recommendations for risk factor management. Notably, presence or absence of symptoms attributable to internal carotid artery (ICA) disease dictates the stenosis threshold for intervention. Revascularization, which encompasses surgical carotid endarterectomy and carotid stenting, is advised for symptomatic patients with >70 % stenosis by noninvasive imaging or >50 % ICA stenosis by invasive angiography, and is deemed "reasonable" for asymptomatic patients with >70 % stenosis of the ICA [102] . The benefit of CEA is significant for patients who survive the 30-day perioperative period (underscoring the need to have such procedures done at centers where the perioperative stroke and mortality rate is <6 %) and realize a relatively low risk of ipsilateral stroke of 0.5 to 1.1 % per year.
Limitations of Current Approaches
Current diagnostic modalities such as duplex ultrasonography, CTA, MRA, and catheter angiography perform well in identifying stenotic carotid artery disease, and considerable stroke risk reduction is realized for appropriate patients with highgrade luminal stenosis who undergo revascularization. However, these techniques do not address the composition of plaque that has been shown to predict likelihood of subsequent events [104] . Prospective studies of asymptomatic patients with mildly stenotic (50-79 %) carotid plaques showed that the presence of intraplaque hemorrhage, thin fibrous cap, large LRNC, and maximal wall thickness on MRI were all significantly correlated with subsequent cerebrovascular events [104] . Retrospective studies of ruptured plaques that produced acute coronary events have shown that 78 % of culprit lesions had <70 % luminal stenosis, falling below current thresholds for revascularization had the plaque been detected prior to the clinical event [105] .
Translational Approaches Advancing Iron's Role in Atherosclerosis
Given considerable mechanistic and observational data supporting iron's role in atherosclerosis, several groups have assessed the effect on iron by existing anti-atherosclerotic therapies or novel approaches that target iron.
Statin Therapy
While lipid-lowering therapy is already recommended for all patients with extra cranial carotid atherosclerosis to reduce low-density lipoprotein cholesterol below 100 mg/dL [102] , there is evidence to suggest that the pleiotropic effects of statins impact iron metabolism. In particular, statin therapy appears to downregulate hepcidin, leading to decreased degradation of ferroportin and increased efflux of iron from macrophages [4] . Zacharski et al., whose randomized trial of iron reduction via phlebotomy in patients with established peripheral arterial disease showed variable impact on outcomes in all patients [14] , recently published secondary outcome results focused on statin therapy [15] . In this analysis, reduction in all-cause mortality with statins paralleled lowering of ferritin levels but not improvement in lipid profiles.
Chelation
The chelating agent deferoxamine (DFO) has been shown to reduce lesion size in atheroma-prone rabbits [9] and improve endothelium-dependent vasodilation in patients with coronary artery atherosclerosis [13] . The recently published Trial to Assess Chelation Therapy evaluated in a double-blind, placebo-controlled randomized study design the impact of intravenous disodium EDTA in patients with a history of myocardial infarction [16] . In this population with established coronary atherosclerosis, chelation demonstrated a modest reduction in risk of adverse cardiovascular outcomes.
Other Potential Therapeutic Targets
Heme-oxygenase-1 (HO-1) has been shown to play an important role in preventing vascular inflammation. In response to pro-atherogenic signals, HO-1 expression is increased leading to release of ferrous iron from heme. Given its known antioxidant, anti-apoptotic, and anti-proliferative properties, HO-1 is being investigated as a novel therapeutic target in atherosclerosis [106] . Increased levels of hepcidin result in iron sequestration in macrophages, making it readily available for lipid peroxidation. Availability of anti-hepcidin antibodies [107] should facilitate further development of anti-atherogenic approaches targeting hepcidin's interactions with iron and macrophages in the plaque microenvironment.
Future Directions
Considerable evidence has accrued supporting iron as a mechanistic contributor to this disease, and unique aspects of iron's biology in tissues make it appealing as both a diagnostic and therapeutic target. While older epidemiological studies failed to find an association between conventional blood iron levels and atherosclerotic events [12] , contemporary approaches incorporating more refined measures do support a connection between iron homeostasis and atherosclerosis that is consistent with the accruing mechanistic evidence. Efficient pharmacological manipulation of iron homeostasis requires careful consideration of the essential role that iron plays in a considerable number of physiological pathways while recognizing opportunities to influence iron's pathologic role in atherogenic processes. As atherosclerosis remains a leading cause of death and disability, further translational studies evaluating iron and atherosclerosis are warranted.
